The genetic architecture of plant defense against microbial pathogens may be influenced by pathogen lifestyle. While plant interactions with biotrophic pathogens are frequently controlled by the action of large-effect resistance genes that follow classic Mendelian inheritance, our study suggests that plant defense against the necrotrophic pathogen Botrytis cinerea is primarily quantitative and genetically complex. Few studies of quantitative resistance to necrotrophic pathogens have used large plant mapping populations to dissect the genetic structure of resistance. Using a large structured mapping population of Arabidopsis thaliana, we identified quantitative trait loci influencing plant response to B. cinerea, measured as expansion of necrotic lesions on leaves and accumulation of the antimicrobial compound camalexin. Testing multiple B. cinerea isolates, we identified 23 separate QTL in this population, ranging in isolatespecificity from being identified with a single isolate to controlling resistance against all isolates tested. We identified a set of QTL controlling accumulation of camalexin in response to pathogen infection that largely colocalized with lesion QTL. The identified resistance QTL appear to function in epistatic networks involving three or more loci. Detection of multilocus connections suggests that natural variation in specific signaling or response networks may control A. thaliana-B. cinerea interaction in this population.
P
LANT resistance to pathogens involves multiple layers of defense. These range from nonhost resistance mechanisms against nonpathogens (or innate immune responses), defense responses effective against different classes or species of pathogens, to defense strategies effective against a limited range of pathogen isolates. Isolate-specific plant defense responses have been most extensively described with regard to the interaction between plants and biotrophic plant pathogens (Gabriel 1999; Dangl and Jones 2001; Jones and Dangl 2006) . These isolate-specific interactions are primarily mediated by direct or indirect recognition of pathogen avr gene products (effectors) by plant proteins, activating a salicylic acid-dependent signaling cascade within the plant that leads to localized programmed cell death (Bent and Mackey 2007) . While understanding these isolate-specific, qualitative interactions provides valuable contributions to both applied and general understanding of plant defense, interest has grown in discovering the bases of ''partial'' or quantitative resistance, with the goal of developing durable resistance to diverse pathogens (Niks and Rubiales 2002) . Naturally variable resistance to necrotrophic plant pathogens such as Botrytis cinerea, Alternaria brassisicola, Plectosphaerella cucurmerina, or Sclerotinia sclerotiorum appears to be quantitative and polygenic (Kim and Diers 2000; Micic et al. 2004; Llorente et al. 2005; Finkers et al. 2007 Finkers et al. , 2008 Maxwell et al. 2007 ). However, the nature and extent of isolate-specific interaction between plants and necrotrophic pathogens is relatively unknown, and no qualitative naturally variable resistance genes effective against necrotrophic pathogens have been described ( Jones and Dangl 2006) .
The use of structured mapping populations to identify quantitative trait loci (QTL) provides a powerful approach to the study of quantitative traits, and a counterpoint to experiments focused on large-effect single loci (Young 1996) . QTL mapping allows identification of genetic contributions to plant-pathogen interactions, without constraint by prior hypotheses. This approach exploits naturally occurring variation between parents of the mapping population and thus has potential to detect effects contingent on variation in, rather than absolute disruption of, gene expression or function. A whole-genome approach can also identify epistatic interaction between plant loci and test the dependency of identified plant loci on differences in either pathogen isolate or stage of infection.
Consistent with the proposition that plant resistance to necrotrophic pathogens has a complex genetic basis, QTL studies of plant resistance to necrotrophic pathogens have generally revealed the influence of numerous QTL of small phenotypic effect. Quantitative trait mapping of resistance to S. sclerotiorum in common 1 bean, sunflower, and rapeseed revealed numerous small-effect QTL (Park et al. 2001; Bert et al. 2002; Zhao and Meng 2003) . Studies of quantitative resistance to B. cinerea in tomato and Arabidopsis found QTL explaining 12-15% (tomato) and 5-10% (Arabidopsis) of phenotypic variance for traits associated with resistance to B. cinerea (Denby et al. 2004; Finkers et al. 2007) . Despite the challenges manifest in uncovering the causal polymorphisms for small-effect QTL, genomics tools available for Arabidopsis thaliana offer promising opportunities to unravel network mechanisms underlying complex quantitative traits (Tonsor et al. 2005; Keurentjes et al. 2007; Wentzell et al. 2007; Ma and Bohnert 2008) . To begin elucidating the molecular mechanisms underlying quantitative resistance, we analyzed quantitative A. thaliana responses to B. cinerea infection in a structured mapping population.
A. thaliana is one of hundreds of plant hosts susceptible to infection by the necrotrophic fungus B. cinerea, and possesses the most extensive resources for biological study in plants (Shindo et al. 2007) . For the A. thaliana component of this study, we used the recombinant inbred line (RIL) population generated from the natural accessions Bayreuth-0 (Bay-0) and Shahdara (Loudet et al. 2002) . This population is one of the largest A. thaliana mapping populations currently available, increasing our statistical power to dissect quantitative resistance shaping a complex plant/necrotroph interaction (Vales et al. 2005) . Recently published partial genomic sequences from the Bay-0 and Shahdara parents will aid in identification of candidate polymorphisms between these accessions (Clark et al. 2007 ). This population has also been characterized for variation in nitrogen metabolism, nutrient content, trichome density, senescence, resistance to Pseudomonas syringae, variation in global transcript accumulation, and changes in transcript accumulation in response to salicylic acid (Loudet et al. 2003a,b; Symonds et al. 2005; Diaz et al. 2006; Kliebenstein et al. 2006; Perchepied et al. 2006; West et al. 2007) . Another benefit of this population is that accessions from central Asia, such as Shahdara, form the most genetically distinct geographic grouping within the species A. thaliana, thus this population samples natural variation not present in the most commonly referenced A. thaliana RIL population, Col-0 3 Ler (Sharbel et al. 2000; Nordborg et al. 2005) . Finally, this population is an important tool for studying quantitative traits because the development of heterogenous inbred families (HIFs) from RILs possessing residual heterozygosity in identified genomic regions facilitates validation and controlled testing of QTL effects (Loudet et al. 2005) .
For the pathogen component of this quantitative resistance analysis we used B. cinerea, a necrotrophic plant pathogenic fungus that infects a taxonomically diverse array of plants including most major dicot families, as well as pectinaceous monocots, nurserygrown conifers, and moss (Elad et al. 2004; De Leon et al. 2007; Williamson et al. 2007 ). This pathogen shows extensive phenotypic variation and genetic evidence supports the existence of high levels of recombination and minimal species subdivision based on host or geography (Calpas et al. 2001; Albertini et al. 2002; Rowe and Kliebenstein 2007) . Studies of defined genetic lesions affecting known A. thaliana defenses provide a valuable framework for the biology of B. cinerea-plant interactions, which can contribute to identification of candidate genes (Prins et al. 2000; Glazebrook 2005; Robert-Seilaniantz et al. 2007; Williamson et al. 2007) . Despite the documented genetic and phenotypic diversity of B. cinerea, many studies of molecular mechanisms of plant defense against B. cinerea are limited to single pathogen isolates. However, the existence of large collections of B. cinerea diversity allows us to query the effect of the pathogen's variation on host responses and underlying genetic architecture (Cui et al. 2004; Rowe and Kliebenstein 2007) . These genetic and mechanistic tools in combination with the relative ease of quantifying plant tissue loss in response to B. cinerea infection make B. cinerea an optimal pathogen for studying quantitative resistance.
Plant production of antimicrobial secondary metabolites forms an important component of quantitative resistance variation. In particular, the indole-derived phytoalexin camalexin contributes to A. thaliana resistance to the necrotrophic fungal pathogens such as B. cinerea and A. brassicicola (Thomma et al. 1999; Ferrari et al. 2003) . These necrotrophic pathogens possess intraspecific variation in the inhibitory effects of camalexin on both conidial germination in vitro and pathogen growth in planta (Kliebenstein et al. 2005; Sellam et al. 2007) . While genes responsible for several steps in the camalexin biosynthetic pathway have been identified, the signaling components required for induction of camalexin biosynthesis are relatively uncharacterized, although salicylic acid, glutathione, and reactive oxygen species all contribute ( Jirage et al. 1999; Zhou et al. 1999; Denby et al. 2005; Qutob et al. 2006; Nafisi et al. 2007; Parisy et al. 2007) . Camalexin is easily and rapidly quantifiable, allowing simultaneous analysis of A. thaliana natural variation contributing to camalexin accumulation as well as pathogen-induced tissue death. Combining both pathogen virulence and plant response traits into the same analysis will provide insight into the mechanisms of camalexin induction by necrotrophic pathogens as well as how specific plant responses contribute to quantitative resistance.
To characterize the genetic architecture of A. thaliana resistance to the necrotrophic fungus B. cinerea and simultaneously test whether pathogen genotype influences this architecture, we identified QTL affecting lesion development and A. thaliana production of camalexin in response to infection by four divergent B. cinerea isolates in the A. thaliana Bay-0 3 Shahdara RIL population. Numerous small-to-moderate effect QTL were identified, which affected Arabidopsis interactions with either all or a subset of single B. cinerea isolates. These results reflect the extreme phenotypic diversity in this population more than the actual QTL effect, as calculating allelic substitution effects for a subset of loci revealed changes in trait values ranging from 10 to 50%. Consistent with the described role of camalexin in defense against B. cinerea, 9 of 15 camalexin accumulation QTL colocalized with QTL influencing lesion size. Finally, epistatic interactions among QTL controlled a large fraction of the variation in both resistance and camalexin accumulation. We validated two of the most consistent QTL using HIFs and tested the distribution of effects at these loci using eight additional diverse B. cinerea isolates.
MATERIALS AND METHODS
Plant materials and growth conditions: To identify polymorphic regions of the A. thaliana genome associated with susceptibility to B. cinerea, we used a population of 411 recombinant inbred lines (RILs) generated from the A. thaliana accessions Bay-0 and Shahdara (Loudet et al. 2002) . The data we report are from two independent experiments, labeled ''A'' and ''B''; each experiment consisted of two replicate plantings of the entire mapping population tested against three divergent B. cinerea isolates. Experiment A used B. cinerea isolates Fresa, Grape, and DN; Experiment B used B. cinerea isolates Fresa, Grape, and 83-2. To validate QTL and assess variation in QTL effects among B. cinerea isolates, we used HIFs generated from RILs 195 and 353. The HIF lines were generated from F 7 RIL seed heterozygous at a single marker adjacent to identified B. cinerea QTL, creating matched pairs of lines containing a mixture of homozygous parental genomes representative of the original RIL and differing from each other only within the QTL region (Loudet et al. 2005) .
Plants used for RIL experiment B and the QTL validation/ HIF analysis were grown in 36-cell flats in large environmental chambers at 25°, 50-60% relative humidity, 120 mE with a photoperiod of 12 hr:12 hr light:dark to promote vegetative growth. Plants used in RIL experiment A were grown in 104-cell flats at similar photoperiod, temperature and humidity, but a light intensity of 150 mE. For both experiments, at least one plant per genotype of parental accessions Bay-0 and Shahdara was planted in a random location within each flat. Seeds were cold stratified in 1% phytagar for 3 days and sown directly in Premier Pro-Mix B soil (Quakertown, PA). Seedlings were thinned at 3 days postgermination to one plant per cell. Plants were fertilized biweekly with a 20:20:20 N:P:K mixture at a concentration of 1 g/liter. Plants were harvested $5 weeks postgermination.
Fungal isolates and infection conditions: Collection, identification, and culture of B. cinerea isolates and the phylogenetic relationship between isolates Grape, DN, and 83-2 were as previously described (Rowe and Kliebenstein 2007) . The isolates used for QTL mapping experiments were: Fresa (isolated in our laboratory from strawberries grown in San Diego County, CA), Grape (originally isolated from grapes in South Africa, provided by M. Vivier, University of Stellenbosch, Stellenbosch, South Africa), 83-2 (originally isolated from roses near San Francisco, CA, provided by D. Margosan, United States Department of Agriculture, Parlier, CA), and DN (isolated in our laboratory from a navel orange grown in Davis, CA). Additional B. cinerea isolates used for HIF tests, including published references and host plant at time of collection, are listed (Table 1) .
Preparation of inocula and infection of A. thaliana were as previously described (Denby et al. 2004) . Briefly, conidia were collected by flooding B. cinerea cultures grown on potatodextrose agar with sterile distilled water. After filtering through glass wool to remove mycelial fragments, conidia were quantified with a hemocytometer and stored at À80°in 25% glycerol until use. Mature rosette leaves excised from 5-week old A. thaliana plants were placed in large plastic trays filled with 1% phytagar. Use of detached leaves allowed inoculation of leaves originating from a single plant with multiple B. cinerea isolates. This improves comparison of QTL among B. cinerea isolates by avoiding confounding interplant variability with genetic variation among isolates. Leaves were inoculated with 4-ml droplets of 10 5 conidia/ml in halfstrength filtered organic grape juice (Santa Cruz Organics, CA). Plastic tray covers maintained humidity and leaves were incubated at room temperature. Leaves were monitored for lesion initiation at 8-to 12-hr intervals.
Phenotypic measurements: B. cinerea pathogenicity: Pathogenicity of B. cinerea isolates on A. thaliana Bay-0 3 Shahdara RILs was estimated by measuring the diameter of the developing fungal lesion at 12-to 24-hr intervals postinoculation, depending on the rate of lesion development (Denby et al. 2004) . Lesion time points were (1) 48 hours postinoculation (hpi), (2) 72 hpi, and (3) 88 hpi for experiment A and (i) 40 hpi, (1) 48 hpi, (2) 64 hpi, and (3) 72 hpi for experiment B. Lesion diameter in centimeters and total leaf area in square centimeters was obtained by hand analysis of high-resolution digital images (2048 3 1536 pixels) of infected leaves using ImageJ (Abramoff et al. 2004) . Included scale objects allowed standardization of measurements across images.
Camalexin: Accumulation of the A. thaliana phytoalexin, camalexin, within individual leaves was measured by highperformance liquid chromatography (HPLC) following termination of lesion monitoring, as previously described (Kliebenstein et al. 2005) . Camalexin values were standardized by total leaf area (nanogram camalexin/square centimeters leaf area) and by lesion circumference. As both standardizations, as well as raw measurements (nanogram/leaf) produced similar QTL mapping results, only analyses of camalexin standardized by leaf area are presented. As camalexin is inducible by a number of stresses, we also measured camalexin content of uninfected leaves. Concurrent with the harvesting of leaves for B. cinerea inoculation, one leaf from each plant was harvested, photographed, and placed into 90% MeOH without treatment. These leaves were extracted and analyzed as above, except that the volume of extract analyzed was increased to 100 ml to improve quantification of the low concentrations of camalexin present in uninfected leaves.
Data analysis: RILs: Experiments A and B were analyzed independently due to differences in rates of lesion development. Broad-sense heritability of each trait by isolate combination was estimated independently within each experiment using the general linear model procedure within SAS. Broad sense heritability was defined as s For each trait, least-squares means for each RIL 3 isolate combination were generated using PROC GLM (SAS Systems, Cary, NC). Genotypes for the Bay-0 3 Shahdara RIL population are available at http:/ /dbsgap.versailles.inra.fr/vnat/ Documentation/33/DOC.html (Loudet et al. 2002) . Composite interval mapping (CIM) and multiple interval mapping (MIM) analyses were performed using phenotypic data for each trait 3 isolate 3 experiment combination using Windows QTL Cartographer version 2.0 (Zeng et al. 1999) . While the distribution of phenotypic values for camalexin showed positive skew, QTL mapping of log-transformed values did not produce significantly different results, so untransformed data is presented to simplify interpretation. Genomewide significance thresholds for CIM analyses were generated using 500 permutations of the data with a ¼ 0.05 (Table 2) (Doerge and Churchill 1996) . QTL were considered colocalized if the peak LOD score fell within the 2-LOD confidence interval calculated within the CIM module.
The QTL distribution across the A. thaliana genome, including direction of allelic effects, was obtained from QTL Cartographer and visualized using EPCLUST (http:/ /ep.ebi. ac.uk/EP/EPCLUST/), with traits clustered by location of significant QTL using the Pearson correlation distance between traits. MIM analyses employed forward and backward regression to generate an initial model. Models were subjected to at least three rounds of QTL position optimization, a new QTL search, and an epistasis search among detected QTL before QTL were tested for inclusion in the final model within the MIM algorithm. Five QTL identified consistently across isolates and experiments, as well as the epistatic interactions between these five loci, were specifically tested using ANOVA. QTL effects were estimated as the mean allelic substitution effect, or the difference attributable to the presence of Bay-0 vs. Shahdara alleles at markers adjacent to queried QTL.
HIFs: HIFs were used to test specific genome regions associated with the Bcr.4.40 (HIF195) and Bcr.3.62 (HIF353) QTL (Loudet et al. 2005 ). These HIFs were tested with the four B. cinerea isolates originally used for QTL mapping, plus eight additional isolates (Table 1) . Experiments employed 12 detached leaves for each genotype 3 isolate combination, with individual plants providing 4-6 leaves randomly assigned to different B. cinerea isolates. Each isolate was tested in three independent experiments; five experiments were required to test each isolate three times, providing 36 independent measurements per genotype 3 isolate combination. Phenotypic measurements for parental accessions and HIFs were obtained as described for RILs. For each HIF pair, we performed an ANOVA using a general linear model. In this model y ig denotes the virulence of the plant pathogen interaction on A. thaliana genotype g, measured using the Botrytis isolate i on leaf l. The ANOVA model for the virulence, measured by lesion size or camalexin induction is: y igl ¼ m 1 G g 1 I i 1 (GI) gi 1 e igl , where g is Bay-0 or Sha for the HIF and the levels of i and l differ depending upon the experiment. The main effects are denoted as G and I and represent A. thaliana accession and Botrytis isolate, respectively. e igl represents the error and is assumed to be normally distributed with mean 0 and variance s 2 e . Nested effects of flat or plant were included as random effects where appropriate. Within this model t-tests adjusted with Tukey's HSD were used to test for significant differences attributable to plant genotype for each B. cinerea isolate.
RESULTS
Trait heritability and distributions: Expansion of necrotic lesions and the accumulation of camalexin are both phenotypic measures of B. cinerea interaction with A. thaliana leaves. To investigate the genetic architecture of B. cinerea interactions with A. thaliana, we measured both phenotypes on 411 A. thaliana Bay-0 3 Sha RILs infected with four different B. cinerea isolates.
In all experiments Botrytis-infected A. thaliana leaves developed visible necrotic lesions at 40-48 hpi. Due to differences in lesion progression between independent experiments conducted on two separate RIL plantings (experiments A and B), lesion development was measured at different time points and the two experiments Available published references (Source) and collection host (Host) are given for each B. cinerea isolate tested. Lesion diameter at 72 hpi (Lesion-3) and nanogram camalexin accumulation per square centimeter leaf area (Camalexin) were measured for each HIF 3 isolate combination. % diff indicates the percent change in trait value produced by replacing the Shahdara allele with the Bay-0 allele at the tested locus [(Bay À Sha)/Sha]. P indicates the probability that phenotypic values obtained from lines carrying the Bay allele at the tested locus differ from lines carrying the Sha allele, as determined by factorial ANOVA incorporating three independent experiments per isolate: NS ¼ P . 0.1, M ¼ 0.1 . P . 0.05, *P , 0.05, **P , 0.01, ***P , 0.001. analyzed separately. To facilitate comparison between the experiments, similar lesion phenotypes are labeled as follows: lesion-i ¼ 40 hpi (B only), lesion-1 ¼ 48 hpi (both experiments), lesion-2 ¼ 64 hpi (A) or 72 hpi (B), lesion-3 ¼ 72 hpi (A) or 88 hpi (B). Camalexin accumulation was measured immediately following observation of the lesion-3 time point.
Estimates of the broad-sense heritability of B. cinerea lesion size were similar for early and late lesion time points (Table 2) . Heritability estimates for camalexin accumulation were slightly higher than those for lesion size. The divergent B. cinerea isolates produced similar RIL phenotype distributions; lesion size showed a slight negative skew and camalexin accumulation a stronger positive skew (supplemental Figures 1 and 2) . A shift in lesion size indicates greater aggressiveness of Grape and Fresa in experiment B than in experiment A; this increased lesion size was associated with identification of more QTL in experiment B. Overall, lesion traits and camalexin accumulation showed slightly higher heritability in experiment B (59.3%) than experiment A (64.6%). While lesion traits were more correlated within experiments than between experiments, camalexin accumulation per genotype showed significant positive correlation across all isolate by experiment combinations (Pearson coefficient ¼ 0.21-0.42, P , 0.0001; supplemental Figure 3 ). Plants infected with Fresa accumulated higher mean levels of camalexin than those infected with Grape across both experiments, while the highest camalexin accumulation was observed in RILs infected with 83-2 (supplemental Figure 2) . While mean differences between the Bay-0 and Shahdara accessions were minimal, we observed both positive and negative transgressive segregation for late lesion (72-88 hpi) diameter and camalexin accumulation (Table 2, supplemental Figures 1 and 2 ). This implies that the similar B. cinerea resistance phenotypes shown by the Bay-0 and Shahdara parental lines result from the presence of distinct genetic polymorphisms with antagonistic effects contributed by each parent.
Identification of QTL: Our analyses identified 23 QTL with statistically significant influence on B. cinerea lesion size or camalexin accumulation in the A. thaliana Bay-0 3 Shahdara RIL population (Figure 1 , supplemental Table 1 ). QTL are named as Botrytis cinerea resistance loci with chromosome and approximate centimorgan location [Bcr.chromosome.cM]. Despite differences in trait distributions and heritability, QTL positions were largely in agreement between experiments A and B (Figure 1 ; supplemental Figures 1 and 2) . Six QTL were specific to single B. cinerea isolates, while 4 QTL significantly influenced plant response to all B. cinerea isolates tested (Figures 1 and 2B) . Of the 23, 9 QTL influenced both lesion size and camalexin accumulation, while 8 and 6 loci controlled only lesion size or camalexin, respectively (Figure 2A ). The 4 QTL affecting all B. cinerea isolates were detected for both lesion and camalexin traits, however Bcr.3.62 affected camalexin accumulation for all isolates but lesion size for only two isolates, specifically at late lesion time points. Camalexin accumulation and lesion-size traits were negatively correlated, with the strongest correlation detected between camalexin accumulation and late lesion time points (supplemental Figure 3) .
Detection of three QTL (Bcr.1.06-10, Bcr.2.52, and Bcr.3.00) for multiple isolates but only within single experiments suggests the influence of uncontrolled environmental factors at these loci. To explore whether QTL detection as isolate-or trait-specific occurred as an artifact caused by limited experimental power, we examined the distribution of QTL detected at LOD ¼ 1, well below the 0.05 significance thresholds calculated empirically via permutations (LOD ¼ 2.04-2.50; Table  2 ). Including QTL that were detected but not statistically significant increased the number of QTL shared among all traits and all isolates, but trait-and isolatespecific QTL were still detected (supplemental Figure  4) . This suggests that some isolate-specific interactions can be attributed to variation in QTL effect that is expected in a trait controlled by numerous loci. This is unlikely to be caused by genotype 3 environment interactions as each isolate was tested against the same plants. Finally, genetic variation affecting B. cinerea lesion development and camalexin accumulation are closely associated in this population.
QTL effects: As suggested by transgressive trait distributions within the RILs, both A. thaliana parental genotypes contributed to increased susceptibility to B. cinerea (Figure 3 ; supplemental Figures 1 and 2) . Shahdara alleles at Bcr.1.80 and Bcr.4.40 were associated with larger B. cinerea lesions and, in some instances, with lower camalexin accumulation, while Bay-0 alleles at Bcr.2.61, Bcr.3.00, and Bcr.5.20 conferred larger lesion sizes ( Figure 1 ). All lesion-size QTL that colocalized with camalexin QTL showed opposite allelic effects, consistent with the described role of camalexin in A. thaliana resistance to B. cinerea (Kliebenstein et al. 2005; Ferrari et al. 2007) (Figures 1 and 3) . Using Pearson correlation distances to evaluate overall similarity in QTL patterns identified among different B. cinerea isolates, experiments, and time points, detected partial clustering of QTL affecting lesion size by time point. This was primarily driven by the detection of QTL Bcr.3.00 at early time points and detection of Bcr.4.40 primarily at later time points (Figure 1 ). This suggests that different A. thaliana genes are involved in early and late responses to B. cinerea infection. A trend toward clustering QTL by experiment reflects the identification of experiment-specific QTL, possibly due to environmental differences between experiments or the use of different B. cinerea isolates (DN vs. 83-2).
Genotype at a given QTL explained only a small proportion of genetic variance within QTL models (2-12%; supplemental Table 1 ). However, given the wide distribution of phenotypes in the RILs, allelic substitution values may provide a more biologically meaningful estimate of QTL effect. We calculated allelic substitution values, or the percent change in phenotype associated with substitution of the Bay-0 allele for the Shahdara allele at a given locus, for five QTL clusters identified across multiple experiments and B. cinerea isolates, Bcr.1.80, Bcr.2.61, Bcr.3.62, Bcr.4.40, and Bcr.5.20-27 (Figure 3) . Bcr.5.20-27 represents two loci, Bcr.5.20 and Bcr.5.27, detected as separate QTL but sharing association with the marker NGA139. Given their genetic proximity and this population size we could not accurately partition them as two QTL and thereby treated this as one locus. Allelic substitution values for late lesion time points showed significant effects from 4 to is indicated by asterisks above bars (*P , 0.05; **P , 0.01; ***P , 0.001). Trait means, standard error, and specific P-values for Bay-0 and Shahdara alleles at these QTL regions are presented in supplemental Table 2 . Traits: (A) early (48 hpi) B. cinerea lesion (centimeter lesion diameter); (B) late (72-88 hpi) B. cinerea lesion (centimeter lesion diameter); and (C) camalexin accumulation (nanograms/square centimeter leaf area).
13%, but stronger phenotypic effects for early lesion time points (12-28%) and camalexin accumulation (5-49%) (Figure 3 , supplemental Table 2 ). The observation that allelic effects are larger than the estimated R 2 is consistent with the broad distribution of phenotypic values (supplemental Figures 1 and 2) , and suggests that additional, undetected loci (or interactions among loci) influence A. thaliana-B. cinerea interaction in this population.
Identification of epistasis: Recent studies have shown that allele-specific epistatic interactions involving two or more loci control plant/pathogen resistance gene networks or central metabolism (Bomblies et al. 2007; Rowe et al. 2008) . These epistatic interactions contribute to phenotypic variability but hinder detection and effect estimation for QTL examined singly. A survey of epistasis with the MIM module of QTL Cartographer detected few instances of epistasis in our experiments, but this module only tests pairwise interactions involving two loci. MIM models generally explained a substantially lower proportion of observed trait variance (11-40%) than could be attributed to plant genotype on the basis of heritability estimates (Table 2 ). This suggested a failure of MIM models to identify and include higher-order interactions among loci. To assess the contribution of higher-order epistases via a targeted search, the five main QTL clusters identified across multiple experiments and B. cinerea isolates, Bcr.1.80, Bcr.2.61, Bcr.3.62, Bcr.4.40, , were specifically tested for epistatic interaction via factorial ANOVA (Figures 1 and 4) . These analyses tested all pairwise and three-way combinations of the markers closest to each target QTL, but could not test interactions of higher orders due to limited allele combinations present in 411 RILs. This identified significant pairwise and three-way epistases for lesion traits and camalexin accumulation with epistatic interactions more frequently detected for camalexin accumulation than lesion-size traits (Figure 4) . The higher heritability of camalexin accumulation in comparison to lesion development likely provides greater statistical power to detect epistases.
Limited analysis of interaction among these five QTL revealed several instances where epistatic interactions among QTL may obscure relationships between loci and phenotypes. In experiment A, analysis of resistance to B. cinerea Fresa detected Bcr.1.80 as significantly affecting early and late lesion size and a significant interaction between Bcr.1.80 and Bcr.2.61 altered late lesion development (supplemental Table 1 , Figure 1) . However, Bcr.1.80 was not identified via CIM, MIM, or ANOVA as individually influencing camalexin accumulation in response to Fresa in this experiment (Figure 3 , supplemental Table 1 ). Instead, Bcr.1.80 significantly alters camalexin accumulation in response to Fresa via epistatic interactions with both Bcr.2.61 and Bcr.5.20 (Figure 4) . Similarly, Bcr.2.61, which was not detected as influencing A. thaliana interaction with B. cinerea 83-2 in the original single-locus analysis, participates in a threeway epistatic interaction with Bcr.1.80 and Bcr.3.62 that influences lesion size (Figures 3 and 4) . Accounting for these complex interactions is not only essential for developing strategies to clone B. cinerea resistance QTL, but may also allow the useful inclusion of coexpression and protein interaction data in formulation of hypotheses regarding mechanisms of A. thaliana resistance to B. cinerea.
Priming of defense: To test whether QTL detected for camalexin accumulation related to differences in response to B. cinerea infection, rather than differences in basal camalexin levels, we measured camalexin accumulation in untreated leaves and mapped QTL. Colocalization of basal camalexin QTL with QTL controlling camalexin accumulation in response to B. cinerea in- fection would suggest that the causal polymorphisms for these QTL alter ''priming'' or constitutive stress responses. The proportion of RILs accumulating detectable levels of camalexin in leaves not inoculated with B. cinerea ($1/3) was similar between experiments A and B. However the level of camalexin accumulation in uninfected leaves was extremely low in experiment A, yielding insufficient power to detect QTL.
Noninoculated experiment B plants accumulated an average of 25 ng camalexin/cm 2 leaf area, levels dramatically lower than those found in B. cinereainfected leaves (Table 2) Figure 3 ). This suggests that genetic control of basal camalexin accumulation is distinct from control of B. cinerea-induced camalexin accumulation, but some elements may be shared.
CIM results suggested minimal overlap between genetic control of differences in camalexin accumulation between Bay-0 and Shahdara with and without B. cinerea infection (Figure 1 ). MIM analysis of basal camalexin levels produced a QTL model explaining 91% of genetic variance, predominantly through epistatic interactions. This model contains four QTL, each interacting epistatically with two to three other QTL in the model (supplemental Figure 5) . While one of these loci, Bcr1.80, was identified as influencing camalexin and/or lesion development in B. cinerea-infected leaves, two QTL on chromosome 2, controlling 16% of phenotypic variation additively and 57% of phenotypic variance through epistatic interactions, were not detected for any B. cinerea phenotypes (Figure 1, supplemental Table  1 ). The fourth interacting QTL, Bcr4.36, detected as contributing a significant main effect in the CIM analysis, colocalizes with a QTL affecting lesion size for Fresa and may not be distinct from the QTL cluster Bcr4.40. The influence of Bcr.2.13 and Bcr.2.39 on camalexin accumulation in infected plants may be hidden by responses induced by pathogen infection, or these loci may represent polymorphism in a response pathway that is not activated or inhibited by B. cinerea infection. In contrast, Bcr1.80 and Bcr4.40 may represent polymorphisms in core defense signaling mechanisms that, when combined, lead to inappropriate stimulation of defense responses such as camalexin accumulation.
QTL validation and B. cinerea isolate dependency: HIFs generated from selected Bay 3 Sha RILs were used to confirm two consistently identified QTL, Bcr.4.40 (HIF195) and Bcr.3.62 (HIF353). These HIFs were also used to test the influence of these QTL on A. thaliana interactions with a broader sample of B. cinerea isolates. Both lesion size and camalexin accumulation were tested for these two HIFs, despite Bcr.4.40 being primarily detected as influential for lesion size and Bcr.3.62 primarily influencing camalexin accumulation.
HIF195 was the only HIF available to test Bcr.4.40. The Bay allele at this locus is associated with decreased lesion size at late time points for all 4 isolates used for QTL mapping (Figures 1 and 3B) . While 10 of 12 B. cinerea isolates tested (including the original 4 isolates) developed smaller lesions on plants carrying the Bay allele at Bcr.4.40 (MSAT4.15), this difference was only statistically significant for 6 isolates (Table 1) . Interestingly, these 6 isolates included only one of the original QTL isolates, Grape. As a limited analysis of epistasis identified complex interactions between Bcr.4.40 and several other loci, we hypothesized that HIF195 does not possess the optimal genetic background to observe the phenotypic impact of Bcr.4.40 (Figure 4 ). Examining the experimental data for the RIL genotypic classes delineated by the five QTL used for epistasis analysis suggests that this is the case, as RILs sharing background genotypes with HIF195 show no statistically significant difference in late lesion size between lines possessing the Bay-0 or Shahdara allele at MSAT4.15. The B. cinerea isolate DN provides the strongest example of this, as Bcr.4.40 was detected as a significant lesion size QTL but RILs containing the two HIF195 genotypes showed no phenotypic difference for this isolate (Table 1 ; supplemental Figure 6A ). Alternatively, the QTL detected for DN near MSAT4.15 might represent a different influential polymorphism than the QTL detected for the other B. cinerea isolates, which is located outside the recombination breakpoints of HIF195. Nevertheless, HIF195 confirms the presence of at least one locus for B. cinerea resistance in this region. Isolates showed no consistent pattern in camalexin accumulation between the two HIF195 genotypes, with two isolates, Grape and Pepper, identifying opposing allelic effects at this locus. Together, the HIF195 data support the presence of genetic loci within A. thaliana that influence plant interaction with only a subset of Botrytis isolates, which may also separate control of the correlated traits lesion size and camalexin accumulation.
HIF353 was used to test the Bcr.3.62 region (MSAT3.18), for which the Bay allele was associated with lower camalexin accumulation across isolates. Again, 10 of 12 tested B. cinerea isolates showed a trend of lower camalexin accumulation associated with the Bay allele at MSAT3.18, but this difference was only statistically significant for 3 isolates, all isolates used in the original QTL mapping experiments (Table 1 ). The DN isolate identified the largest effect of Bcr.3.62 on camalexin accumulation. While participation of the Bcr.3.62 locus in multilocus epistatic interactions may hinder observation of the full phenotypic impact of this locus on camalexin accumulation, examination of potential interactions of Bcr.3.62 with the four other QTL used for epistasis analysis suggests that HIF353 provides a favorable, if not optimal, genetic background for detecting the effects of this locus on B. cinerea-mediated camalexin accumulation (supplemental Figure 6B ). This does not preclude the possibility that such effects may apply to other B. cinerea isolates, or involve loci not included in our minimal analysis of epistasis. The HIF353 results confirm that this region contains at least one locus for camalexin accumulation in response to B. cinerea infection. No clear trend could be distinguished regarding the effect of this locus on lesion size; both positive and negative allelic effects were detected among isolates, with no statistically significant differences.
DISCUSSION
This study supports the hypothesis that genetic control of A. thaliana response to B. cinerea infection is complex. Consistent with prior observations, we detected numerous QTL with moderate phenotypic effects as influencing A. thaliana interactions with Botrytis cinerea. Contributions to B. cinerea resistance from both A. thaliana parental genotypes produced transgressive segregation for both lesion and camalexin traits. In contrast to previous analysis, we identified QTL that may control resistance to numerous B. cinerea isolates and found significant evidence for pairwise and three-way epistatic interactions (Figure 4) (Denby et al. 2004) . Differences in QTL detection among B. cinerea isolates, as well as among infection time points, add new dimensions to this complexity. Recognition and assessment of sources of variation in biotic interactions is essential for developing a realistic understanding of how plants interact with Botrytis cinerea and other necrotrophic pathogens, with the ultimate goal of obtaining durable resistance in crop plants.
Camalexin QTL: Colocalization of roughly half of significant QTL affecting lesion size with camalexin accumulation QTL of opposing allelic effects highlights the positive relationship between camalexin accumulation and A. thaliana resistance to B. cinerea. None of the identified camalexin QTL colocalized with previously described camalexin biosynthetic genes (Zhou et al. 1999; Mikkelsen et al. 2003; Nafisi et al. 2007) , suggesting that these QTL may influence camalexin signaling. Previously described elements of camalexin signaling have been identified through study of mutagenized or genetically manipulated A. thaliana, thus analysis of natural variation for camalexin signaling may provide new insight into the evolution and regulation of this defense response (Glazebrook and Ausubel 1994; Denby et al. 2005; Ren et al. 2008) .
In addition to variation in plant regulation of camalexin biosynthesis or accumulation, our study indicates that pathogen variation alters camalexin accumulation. The B. cinerea isolate 83-2 induced higher levels of camalexin than the other isolates tested, but QTL analysis with 83-2 did not identify any camalexin accumulation QTL that were strictly unique to this isolate. Of significant QTL, only Bcr1.19 appeared unique to camalexin induced by the B. cinerea isolate 83-2, however a nearby, potentially overlapping QTL also affects early lesion formation by Grape (Figure 1 , supplemental Table 1 ). This suggests that genetic variation in the pathogen, rather than the plant, controls this difference in camalexin induction among B. cinerea isolates. B. cinerea isolate variation, as identified in the 83-2 isolate, can provide a useful tool for refining the necrotrophic pathogen signals that lead to the regulation of specific defense responses by the plant. Additionally, B. cinerea isolate variation improves our analysis of QTL position for both camalexin and lesion traits-higher levels of camalexin accumulation provided greater measurement accuracy and statistical power for this trait, and linkage of camalexin accumulation to lesion size may allow this biochemical trait to serve as a surrogate trait for lesion size in early stages of fine mapping.
Lesion development: Detection of QTL specific to early vs. late lesion time points suggests that genetic contributions to plant defense may change as infection develops (Figures 1 and 2A) . Studies of Botrytis pathology commonly differentiate between ''primary'' and ''secondary'' (or ''spreading'') lesions (van Kan 2006) . Primary lesion initiation is believed to be affected by the ability of the fungus to overcome preformed plant defenses. This includes the ability of the fungus to penetrate the leaf surface, relevant to this study as plants were not wounded prior to inoculation, and possibly the extent of plant defense activation by attempted fungal penetration of the leaf surface. However, the loss of penetration-related enzymes, such as cutinase, or the ability to form penetration structures, such as appressoria, have not impaired B. cinerea pathogenicity in experimental settings van Kan et al. 1997; Gourgues et al. 2004) . Loci associated with A. thaliana ''penetration'' mutants, whose defects allow inappropriate penetration of A. thaliana leaves by non-Arabidopsis pathogens, are not colocalized with B. cinerea early lesion QTL detected in this study (Collins et al. 2003; Assaad et al. 2004; Stein et al. 2006) . Additionally, pen3 mutants did not show increased susceptibility to a single B. cinerea isolate tested (Stein et al. 2006) . As such, it is currently unknown how the initial stages of B. cinerea infection are established. Identifying the molecular basis of early lesion QTL may provide biological insight into A. thaliana responses to early stages of B. cinerea infection.
Transition from primary lesions to secondary (or spreading) lesions requires the pathogen to overcome inducible plant defenses. B. cinerea lesion outgrowth has been shown to be inhibited by accumulation of camalexin (Ferrari et al. 2003 (Ferrari et al. , 2007 Kliebenstein et al. 2005 ). This agrees with the negative association of effects for B. cinerea lesion QTL vs. camalexin accumulation QTL, but it is difficult to infer the direction of causality in a natural variation study (Hammerschmidt 2003) . Additional molecular plant defense mechanisms for postinitiation lesion inhibition have not been explicitly described, but are believed to be largely regulated via jasmonate and ethylene signaling (Thomma et al. 1998 (Thomma et al. , 1999 Mengiste et al. 2003; Thaler et al. 2004 ). Recent work has described a strong effect of wound-induced defenses on spreading of B. cinerea lesions; these defenses include, but are not limited to, increased and more rapid camalexin accumulation (Chassot et al. 2008) . Characterizing molecular regulation of a known induced defense, camalexin, may shed light on broader mechanisms of defense against B. cinerea that could be applicable to plant species other than A. thaliana.
Isolate specificity of QTL: Several QTL studies have used multiple pathogen isolates in attempts to identify genetic elements contributing to durable resistance. These studies have focused on biotrophic pathogens, where qualitative race-specific resistance conferred by major resistance genes is vulnerable to changes in the genetic composition of the pathogen population. The identification of both broad-spectrum and isolate specific resistance QTL suggests that significant variation for mechanisms of pathogenesis exists within many pathogen species and that qualitative isolate-specific resistance conferred by major resistance genes accounts for only a portion of plant defense against naturally variable pathogen populations (Caranta et al. 1997; Arru et al. 2003; Calenge et al. 2004; Talukder et al. 2004; Diener and Ausubel 2005; Jorge et al. 2005) . Understanding differences and similarities in mechanisms of partial or quantitative resistance to pathogens of different lifestyles, including biotrophs and necrotrophs, is vital to developing long-term strategies for pathogen control in a complex environment.
Previous efforts to map A. thaliana-B. cinerea interactions using 104 genotypes sampled from the Col 3 Ler RIL population identified small-to moderate-effect QTL, with no overlapping QTL detected between the 2 isolates tested (Denby et al. 2004) . In contrast, the larger population size used in this study (.400 lines) provided greater power to detect QTL and epistatic interactions. The majority of QTL in this study were identified for multiple pathogen isolates, with four QTL identified as affecting A. thaliana interactions with all four B. cinerea isolates tested. These four QTL thus identify the strongest potential contributions of these two A. thaliana genomes to broad-spectrum B. cinerea resistance. Specific tests of two of these isolate-shared QTL regions (Bcr.3.62 and Bcr.4.40) using HIFs supported the overall trends identified in the QTL studies, with 10 of 12 isolates showing directional allelic effects consistent with predicted QTL in the tested regions (Table 1) .
Epistasis and quantitative resistance networks: The identification of significant epistasis controlling plantpathogen interactions both benefits and complicates this analysis. Epistasis may identify genes that function together in distinct genetic networks, potentially providing valuable insight into function (Alvarez-Castro and Carlborg 2007; Gjuvsland et al. 2007 ). This potential for epistatic networks to provide molecular network information is highlighted by the recent observation of a two-gene epistatic hybrid necrosis, the inappropriate stimulation of plant disease networks caused by allele-specific interactions in plant disease genes (Bomblies et al. 2007) . While the use of epistasis in network analysis has frequently been limited to pairwise analysis, recent metabolomic analysis has shown that higher-order interactions exist and also exhibit allelespecific interactions (Rowe et al. 2008) . Our identification of higher-order epistatic networks that control quantitative pathogen resistance in A. thaliana suggests that these QTL may be caused by polymorphism in genes that function in a coordinated defense network. Validation of this epistatic network hypothesis will require cloning the full complement of interacting QTL. Further, detection of three-way epistases suggests that pairwise interactions, such as those producing hybrid necrosis, may present only the simplest and most experimentally accessible examples of interaction; much larger populations will be required to test the true size of epistatic networks.
Epistasis complicates analysis by decreasing power for QTL detection and HIF validation. This is shown by the lack of statistical significance for many of the HIF results in spite of the correct directionality of detected effects. This may be partially caused by the muffling of phenotypic differences between genotypes at the targeted locus by epistatic influences from other loci in the specific HIF background. The use of near isogenic lines, rather than the parentally mixed HIF backgrounds, would not have improved analysis as the parental genotypes are often suboptimal for observing the effects of individual QTL (supplemental Figure 6) . Furthermore, the number of QTL and epistatic interactions suggest that significant increases in the size of mapping populations will be required to fully understand quantitative resistance in plant-pathogen interactions (Melchinger et al. 1998; Mihaljevic et al. 2005; Stich et al. 2007 ). An ideal analysis would employ large structured populations to identify all epistatic interactions and use this information to select optimal genetic backgrounds for either breeding maximally resistant genotypes or guiding future efforts to isolate causal polymorphisms.
Candidate genes and molecular mechanisms: A rapidly expanding number of associations between specific phenotypes and genetic loci have been detected within the Bay 3 Sha RIL population. These (and future) studies provide additional data for hypotheses regarding the bases of A. thaliana-B. cinerea interaction.
For example, although it has been proposed that plant senescence plays a role in susceptibility to B. cinerea, QTL in this study do not colocalize with senescence QTL previously identified in Bay 3 Sha RILs (Diaz et al. 2006; Swartzberg et al. 2008) . In contrast, Bcr.4.40, identified as influencing lesion size for all B. cinerea isolates tested, occupies the same genomic region as a QTL affecting nitrogen content and total amino acid content (Loudet et al. 2003a,b) . This region was recently identified as controlling differences between Bay-0 and Shahdara in accumulation of .50 metabolites; as such, pleiotropic effects of this locus will complicate efforts to predict specific candidate genes controlling differences in B. cinerea susceptibility (Rowe et al. 2008) .
Recent studies have identified strong resistance to Botrytis cinerea associated with A. thaliana defects in cuticle production, hypothesized to accelerate plant detection of the pathogen and activation of defense response (Bessire et al. 2007) . Comparison of transcript accumulation over the course of B. cinerea infection between cuticle-defective mutants and wild-type A. thaliana identified a number of gene candidates potentially contributing to defense against B. cinerea . A cluster of these Botrytis-induced genes, including a chitinase and a trypsin inhibitor, colocalize with Bcr.2.61; however no major sequence polymorphisms at these loci were detected in the recently published genome sequences for the Bay-0 and Shahdara accessions (Clark et al. 2007) . Another identified candidate gene, annotated as cysteine lyase COR13 (At4g23600), colocalizes with Bcr.4.40 and sequence data suggests that Shahdara possesses a nonconservative amino acid substitution at this locus. This locus is transcriptionally responsive to jasmonate and wounding and is predicted to influence availability of cysteine (Leon et al. 1998; Jones et al. 2003; Devoto et al. 2005) . Cysteine availability has the potential to influence camalexin accumulation through both camalexin biosynthesis and glutathionemediated signaling (Zook and Hammerschmidt 1997; Parisy et al. 2007) . Biochemical testing will be required to determine whether the single amino acid substitution in Shahdara significantly alters activity or regulation of this gene product.
Some of the QTL identified in this study may overlap with B. cinerea resistance QTL previously identified in the A. thaliana Col 3 Ler RIL population (Denby et al. 2004) . In particular, QTL were found at the top and bottom of chromosome 3 in both Col-0 3 Ler and Bay-0 3 Shahdara, although Bcr.3.62 was found to primarily influence camalexin accumulation in Bay-0 3 Shahdara, and that trait was not measured in the Col-0 3 Ler RILs (Figure 1 ). While these QTL shared between populations may represent different polymorphisms, analysis of these QTL regions for genes polymorphic in both pairs of A. thaliana accessions may yield strong candidate genes. Neither study identified a significant QTL at the erecta locus, a QTL influencing plant resistance to a necrotrophic pathogen for which the molecular basis is known (Llorente et al. 2005) .
Conclusion: This study identifies numerous QTL contributing to variation in plant-B. cinerea interactions between the A. thaliana accessions Bay-0 and Shahdara. Genome-scale prediction of large-effect DNA sequence and transcript accumulation polymorphisms differentiating Bay-0 and Shahdara permit an informed approach to selection and investigation of candidate genes in identified QTL regions (Kliebenstein et al. 2006; Clark et al. 2007) . While identification of causal polymorphisms for QTL influencing a majority of B. cinerea isolates may provide potential breeding targets for enhanced B. cinerea resistance in related Brassica species, validation and further investigation of isolatespecific QTL may provide valuable insight into variation in mechanisms of pathogenesis within Botrytis cinerea.
